In this report, structural, electronic, magnetic and transport properties of quaternary Heusler alloys CoRuMnGe and CoRuVZ (Z = Al, Ga) are investigated. All the three alloys are found to crystallize in cubic structure. CoRuMnGe exhibits L21 structure whereas, the other two alloys have B2-type disorder. For CoRuMnGe and CoRuVGa, the experimental magnetic moments are in close agreement with the theory as well as those predicted by the Slater-Pauling rule, while for CoRuVAl, a relatively large deviation is seen. The reduction in the moment in case of CoRuVAl possibly arises due to the anti-site disorder between Co and Ru sites as well as V and Al sites. Among these alloys, CoRuMnGe has the highest TC of 560 K. Resistivity variation with temperature reflects the half-metallic nature in CoRuMnGe alloy. CoRuVAl shows metallic character in both paramagnetic and ferromagnetic states, whereas the temperature dependence of resistivity for CoRuVGa is quite unusual. In the last system, ρ vs. T curve shows an anomaly in the form of a maximum and a region of negative temperature coefficient of resistivity (TCR) in the magnetically ordered state. The ab initio calculations predict nearly half-metallic ferromagnetic state with high spin polarization of 91, 89 and 93 % for CoRuMnGe, CoRuVAl and CoRuVGa respectively. In the case of CoRuMnGe, the XRD analysis reveals that the Co and Ru sites are equally probable. Hence, to investigate the electronic properties of the experimentally observed structure, the Co-Ru swap disordered structures of CoRuMnGe alloy are also simulated and it is found that the disordered structures retain halfmetallic nature, high spin polarization with almost same magnetic moment as in the ideal structure. Nearly half-metallic character, high TC and high spin polarization make CoRuMnGe alloy promising for room temperature spintronic applications.
I. INTRODUCTION
In the last few years, quaternary Heusler alloys received enormous interest due to their wide applications in the field of spintronics. Many of them are reported to show half-metallic behavior and thus have high spin polarization. [1] In half-metallic materials, one of the spin bands exhibits metallic character whereas, the other spin band exhibits a gap at the Fermi level. Magnetic materials with high spin polarization and high Curie temperature are desirable to improve the performance of spintronic devices such as magnetic tunnel junctions, [2, 3] spin injectors, spin transistors, [4, 5] and spin valves. [6, 7] Heusler alloys are potential materials in this field because of their stable structure, high T C , tunable electronic properties and high spin polarization. Equiatomic quaternary Heusler alloys XX YZ (where X, X , Y are transition metals and Z is a main group element) crystallize in the space group no. 216 with F43m symmetry (Y-type structure with prototype LiMgPdSn).
[8] Among the various reported quaternary Heusler alloys only a few crystallize in ordered Y-type structure. Controlling disorder and defects in this class of materials is still a big challenge for the applications, since disorder greatly affects the spin polarization. [9] [10] [11] There are a large number of reports on 3d-transition elements based quaternary Heusler alloys, but only a few 4d -based (Ru and Rh based) equiatomic quaternary * aftab@phy.iitb.ac.in
Heusler alloys have been studied experimentally. [12] [13] [14] It would be interesting to see the effect of replacing one of the 3d-element by a 4d-element in quaternary Heusler alloys. For example, CoFeMnGe alloy was found to have considerable amount of DO 3 disorder [15] and replacing Fe by a 4d element (Rh and Ru) is expected to improve the structure, as both CoRuMnGe and CoRhMnGe [13] are found to crystallize in L2 1 structure.
We synthesized CoRuMnGe (CRMG), CoRuVAl (CRVA) and CoRuVGa (CRVG) equiatomic quaternary Heusler alloys and investigated their structural, magnetic, electronic and transport properties. X-ray diffraction study reveals that in case of CRMG, 50 % disorder exists between the Co and Ru sites (i.e. 4c and 4d sites are equally probable for Co and Ru atoms), which reduces its symmetry to L2 1 structure. CRVA and CRVG alloys show B2 disorder. The experimental saturation magnetization values are in good agreement with the Slater-Pauling rule for CRMG and CRVG, but CRVA shows a relatively large deviation, which may be attributed to the disorder. This suggest that high spin polarization is not possible in CRVA alloy as Slater-Pauling rule is considered to be a prerequisite for half metallic nature. [16] The temperature dependence of electrical resistivity is studied in detail for all the three alloys. In case of CRVG, an unconventional behavior is seen in the form of a maximum and a region with semiconducting behavior in the ferromagnetic state. To investigate the half-metallic behavior in these alloys, electronic structure calculations by ab initio method were performed us-ing Perdew, Burke, and Ernzerhof (PBE) potential. We have also studied the Co-Ru swap disordered structures of CoRuMnGe alloy to get a deeper insight into the effect of disorder on its magnetic and electronic properties. Among these three alloys, CRMG is found to be a potential material for spintronic applications due to its stable structure, high spin polarization and high T C value.
II. EXPERIMENTAL DETAILS
The polycrystalline alloys CoRuMnGe and CoRuVZ ( Z = Al, Ga) were prepared by arc melting the stoichiometric amounts of high purity (at least 99.9% purity) constituent elements in argon atmosphere. A Ti ingot was used as an oxygen getter to further reduce the contamination. 2% extra Mn was taken to compensate the weight loss due to Mn evaporation during melting. [13] For better homogeneity the ingots formed were flipped and melted several times . After melting, the samples were sealed in a quartz tube and annealed for 7 days at 1073 K followed by furnace cooling. [17] Room temperature X-ray diffraction patterns were taken using Cu-K α radiation with the help of Panalytical X-pert diffractometer. Crystal structure analysis was done using FullProf Suite software. Magnetization isotherms at 5 K were obtained using a vibrating sample magnetometer (VSM) attached to the physical property measurement system (PPMS) (Quantum design) for fields up to 40 kOe. Thermo-magnetic curves in the higher temperature range were obtained using a VSM attached with high temperature oven, in a field of 100 Oe. Electrical resistivity measurements were done using the four probe method in PPMS, applying a 5 mA current.
III. COMPUTATIONAL DETAILS
Ab initio simulations were performed using a spin resolved density functional theory (DFT) implemented within Vienna ab initio simulation package (VASP) [18] with a projected augmented-wave basis. [19] The electronic exchange-correlation potential due to Perdew, Burke, and Ernzerhof (PBE) was used within the generalized gradient approximation (GGA) scheme. A 24 3 k-mesh was used to perform the Brillouin zone integration within the tetrahedron method. A plane wave energy cutoff of 500 eV was used for all the calculations. All the structures are fully relaxed (cell volume, shape, and atomic positions of constituent atoms), with total energies (forces) converged to values less than 10 −6 eV (0.01 eV/Å). In order to find the most stable crystallographic configuration, four atom primitive cell was used. In general, the possible non degenerate crystallographic configurations for any quaternary Heusler alloy (QHA) XX'YZ, by keeping Z at 4a site, are:
1. X at 4d, X at 4c and Y at 4b sites (type I), Figure 1 shows the primitive cells of three distinct configurations of CoRuYZ (Y =Mn, V and Z = Ge, Al, Ga) quaternary Heusler alloys.
To study the Co-Ru defects in CoRuMnGe, a 2 × 2 × 2 supercell, formed from a four-atom primitive fcc cell of the most stable configuration has been considered. This supercell contains a total of 32 atoms with 8 atoms of each kind. Brillouin zone integrations were performed using 6 3 k mesh for 32-atoms cell.
IV. RESULTS AND DISCUSSION

A. Structural analysis
Room temperature powder XRD patterns of CoRuMnSi, CoRuVAl and CoRuVGa alloys are shown in Fig. 2 . From the patterns, it is clear that all the three alloys exhibit cubic crystal structure. Rietveld refinement of the XRD data was done using FullProf Suite software.
[20] The lattice parameters as deduced from refinement were found to be 5.88, 5.90 and 5.91Å for (200) with perfectly ordered LiMgPdSn-type and disordered (L21 in case of CRMG and B2 in case of CRVG and CRVA) structure respectively. 
where, f X , f X , f Y and f Z are the atomic scattering factors for X, X', Y and Z respectively. As per the equation (1), in the case of B2 disorder (Y & Z and X & X atoms are randomly distributed), the intensity of the (111) peak should be low or absent. On the other hand, for a completely disordered structure i.e., A2-type (all the four atoms occupy random positions), both the superlattice peaks (111) and (200) should be absent. Thus, to determine the disorder, the intensities of superlattice peaks (111) and (200) play a crucial role. The insets I of Fig. 2 (a), Fig. 2 (b) and Fig. 2 (c) show the superlattice reflections with perfectly ordered LiMgPdSn-type structure for CRMG, CRVA and CRVG alloy respectively. It is clear that refinement considering ordered Y-type structure did not fit well. In case of CRMG, the XRD pattern fits well when disorder is considered between Co and Ru sites. Figure 2 (a) shows the rietveld refined XRD pattern for CRMG with 50 % disorder between Co and Ru sites i.e. the 4c and 4d sites are equally probable for Co and Ru atoms. Thus, due to 50% swap disorder between tetrahedral site atoms (as revealed from refinement), the crystal symmetry reduces to L2 1 . In case of CRVG and CRVA, the absence of (111) peak indicates complete B2 disorder. 2(c) show the observed and calculated intensities of the superlattice reflections considering B2 disorder for CRVA and CRVG respectively. Thus, CRMG is found to have L2 1 structure, whereas CRVA and CRVG alloys tend to show B2-type disorder. Figure 3 shows the variation of magnetization with field (M-H) at 5 K for CRMG, CRVA and CRVG. Quaternary Heusler alloys are known to follow the SlaterPauling (S-P) rule according to which the total magnetic moment is directly related to the number of valence electrons in the unit cell as per the relation, [16] 
B. Magnetic Properties
CRMG has 28 valence electrons, whereas CRVA and CRVG have 25 valence electrons. Thus, as per the S-P rule CRMG, CRVA and CRVG are expected to have a magnetic moment of 4, 1 and 1 µ B /f.u. respectively. From the M-H curves as shown in Fig. 3 , the calculated saturation magnetization values are found to be 4.10, 0.53 and 0.84 µ B /f.u. for CRMG, CRVA and CRVG respectively. The small deviation in the magnetic moment from the S-P value in case of CRMG and CRVG alloys is due to the presence of small density of states in the minority spin channel at the Fermi level (See section 
for details)
. This indicates a possibility of nearly half-metallic character in CRMG and CRVG alloys. A large deviation in the case of CRVA, may be attributed to the disorder. All the three alloys are found to be soft ferromagnetic with negligible hysteresis. Figure 4 shows the thermo-magnetic (M-T) curves recorded under an applied field of 100 Oe. The Curie temperature, T C is estimated by taking the minima of the dM dT vs. T curves. T C for CRMG, CRVA and CRVG is found to be 560, 168 and 150 K respectively. A small increase in the magnetic moment in the lower temperature range is possibly due to anisotropic variations with temperature, since the M vs. T curves are measured in low fields of 100 Oe. Among the three alloys, CRMG is found to have the highest T C and thus is suitable for room temperature spintronic applications. Figure 5 shows the temperature dependence of electrical resistivity (ρ xx ) for CRMG in the temperature range 5 -350 K at zero field. The resistivity increases with temperature indicating the metallic nature. To further investigate the ρ xx vs. T behaviour, the resistivity curve was fitted using the power law given by:
C. Transport properties
CoRuMnGe
In previous reports on half-metallic Heusler compounds, different values of n are reported depending on the temperature range considered. [13, 17, [22] [23] [24] In the temperature region 35K < T < 100K (Region I), the value of n was found to be 1.35 whereas, for T > 100 K (Region II), the resistivity varies almost linearly with n = 1.06. The linear dependence in the region II can be attributed to the electron-phonon scattering. In a half-metal, there are no minority spin charge carriers at E F due to complete spin polarization and thus, spin-flip scattering is usually not possible. [25, 26] Due to this, the T 2 term related to single magnon scattering is expected to be absent in resistivity. From the value of n, we can conclude that the dependence is not quadratic which indirectly confirms the half-metallic nature in CRMG alloy. Also, the residual resistivity and the residual resistivity ratio (RRR = ρ 300K /ρ 5K ) values are found to be 1.75 µΩ m and 1.63 respectively. The obtained RRR value is highest among the three alloys under study, indicating the possibility of least disorder. Figure 6 shows the temperature dependence of electrical resistivity (ρ xx ) for CRVA in the temperature range of 5 -350 K at zero field (the arrow indicates the Curie temperature). The alloy shows metallic nature in both ferromagnetic and paramagnetic regions. It should be noted that below T C , the change in resistivity is mainly due to magnetic scattering, whereas in the paramagnetic state the magnetic component of resistivity saturates. Thus, for T > T C (169 K), the change in resistivity with temperature is determined by electron-phonon scattering only, which is usually observed as a linear contribution in ρ(T) above the Debye temperature. Inset of Fig. 6 shows the linear behaviour of ρ vs. T for T > T C . The residual resistivity is found to be 1.25 µΩ m and the RRR value is found to be 1.27. Figure 7 shows the temperature dependence of resistivity (ρ xx ) for CRVG in the temperature range of 5 -350 K at zero field. In this case, the resistivity behavior is significantly different and shows unconventional features like: (a) large value of residual resistivity (ρ 0 = 575 µΩ cm), (b) anomaly in the form of a maxima below T C , and (c) presence of region with semiconducting behavior i.e., with a negative coefficient of resistivity in the ferromagnetic state. The two main factors which determine the resistivity behavior in Heusler alloys are (1) conduction electron scattering mechanism and (2) effect of magnetic ordering on the electronic band structure near the Fermi level. In the low temperature region (T < 80 K), the resistivity decreases with decreasing temperature and hence shows the metallic nature. This decrease in resistivity can be attributed to the reduction in the magnetic scattering with decreasing temperature. Anomaly in the form of a maximum seen in resistivity in the magnetically ordered state is not something new. It has been observed in a few systems that, the effect of change in electronic structure strongly reflects in the temperature dependence of resistivity. This causes an anomaly in the form of a maximum because of the superposition of the electron-phonon and the magnetic contributions, when an abrupt decrease in magnetic contribution induced by vanishing spontaneous magnetization is superimposed by a linear increase in phonon contribution. [27] The electron-transport behavior in half-metallic ferromagnetic Heusler alloy Co 2 CrGa was found to show a similar behavior as in our system CRVG. [28, 29] Be-low the Curie temperature, the change in resistivity is mainly caused by the magnetic contributions. In case of half-metallic ferromagnets, the magnetic contribution to the conductivity is determined by considering two parallel conduction channels for electrons, one with spin-up and the other with spin down and the total magnetic contribution of conductivity can be written as, [30] 
CoRuVAl
CoRuVGa
The conductivity of spin-up electrons is determined mainly by the scattering of the charge carriers. For the spin down electrons, the conductivity is dependent on the energy gap parameters in the electronic spectrum. Also, the energy gap parameters mainly depend on the spontaneous magnetization (M S ). [27, 30] At T T C , M S does not vary much with temperature and thus, the energy gap parameters and conductivity of spin down channel remain almost constant. Due to this, at low temperature, the variation in resistivity is mainly due to conduction of spin up electrons. At T → T C , the saturation magnetization vanishes which results in the disappearance of energy gap in the spin down channel and hence increase in its conductivity (σ ↓ ). As a result, ρ m decreases. And thus, we observe a region of negative TCR near the Curie temperature. A negative TCR value has been reported in materials like V and Ti doped Fe 3 Ga, [31] Ti, Mn, Cr doped Fe 3 Si [32] and was speculated to arise due to the existence of small electronic density at E F and large spin disorder scattering. Similar behavior is also reported in various half-metallic ferromagnetic Heusler alloys where a region of negative TCR is observed and was explained on the basis of presence of a gap in the electronic spectrum near E F . [28, [33] [34] [35] It has also been observed that a negative TCR is generally seen in alloys when the electrical resistivity ρ > 1.5µΩ m in the paramagnetic state. [31, 32] For CoRuVGa, the resistivity in the paramagnetic state lies in the range of 5.79 to 6.20 µΩ m and thus it fulfills this condition to show anomaly in the resistivity near the Curie temperature. In the paramagnetic state [T > T C (150 K), the resistivity increases almost linearly with temperature which can be attributed to the electron-phonon scattering since in this region ρ m is constant. The residual resistivity value is found to be 5.75 µΩ m, which is the highest among the three alloys under study. The RRR is found to be low (1.06) as compared to other two alloys.
D. Theoretical Results
The magnetic configuration of the alloys was examined by simulating different initial magnetic (para-, ferro-and ferrimagnetic) arrangements. The results of the structural optimization for CRMG, CRVA and CRVG are displayed in Table I , II and III respectively. It showed that all the three alloys are stable in configuration I with ferromagnetic ordering as it exhibits the lowest total energy.
The
at 4b (0.5,0.5,0.5) and Z (Ge,Ga,Al) at 4a (0,0,0) sites. It is seen that, in case of CRMG, most of the magnetic moment is contributed by Mn (3 µ B ) , whereas Co contributes a small moment (1 µ B ) and Ru has negligible moment. In case of CRVA and CRVG, moments are mainly contributed by Co and V, whereas Ru has negligible moment. To further study the electronic structure and magnetic properties of these alloys, the energetically most favourable Type I structure was used. Figure 8 shows the calculated spin resolved band structure and density of states (DoS) for CRMG alloy, calculated at the experimental lattice parameter (a elp ). The alloy manifests electronic structure of a highly spin-polarized, nearly half-metal. The ideal half metal acquires 100 % spin polarization. In this case, due to the presence of small number of states (0.11 states/eV/f.u.) at E F for the minority spin channel, the alloy has slightly low spin polarization(P = 91 %). The calculated moment is 4.03 µ B /f.u., which is close to that of Slater-Pauling value (4 µ B /f.u.).
Going back to our XRD results, it was found that 4c and 4d fcc sites in CoRuMnGe are equally possible for Co and Ru atoms (see section 4.1). In order to get a deeper insight into the properties of this actual experimental structure, one should simulate a mixture of Co and Ru atoms at these two sites. One way to do this is to swap the position of Co and Ru atoms at 4c and 4d sites. To simulate such intrinsic disorder, a 2 × 2 × 2 supercell of the primitive cell of the type I configuration of CRMG is constructed (See Fig. 9 ). In a 2 × 2 × 2 supercell with 32 atoms (eight formula units), 12.5% swap disorder was simulated by exchanging one of the eight Co atom positions and one of the eight Ru atom positions. Similarly, 50% swap disorders were simulated by exchanging four of the eight Co atoms and four of the eight Ru atom positions. All possible configurations for replacement of Co by Ru and vice versa was checked, and energetically the most stable configuration is chosen to present the result here. The Co-Ru swaps almost give the same total magnetic moment as the ideal (no swap) case. The calculated DoS for disordered structures are shown in Fig. 10 . As seen from Fig. 10 , half-metallicity in CoRuMnGe is quite robust against swapping disorder between Co ad Ru sites. In the ordered Y-type structure, Co and Ru atoms are surrounded by four Al and 4 Mn atoms as their nearest neighbors. On considering 50 % swap disorder between Co and Ru sites, which results in the disordered L2 1 type structure, it is seen that the local environment of Co and Ru atoms remains the same i.e. they are still surrounded by four Al and 4 Mn atoms, however there is a slight change in the bond length. It turns out that, with swap disorder, the local environment of the defected sites does not affect the exchange interaction much but causes a little change in the bond length (due to relaxation effect). This, in turn, changes the local moments (and hence the total cell moment) by a little amount only. Thus, in case of CoRuMnGe, the swap disorder between Co and Ru sites does not change the total magnetic moment as well as the density of states. To have a better understanding, we have calculated the local moments at the individual atomic sites, the values of which are shown in Table  IV . Here X d refers to the sites where Co and Ru atoms are swapped. In each case, the magnetic moment of Ru swapped with Co atom is changing from positive to negative (making it antiferromagnetically aligned) as compared to the ideal case,however Ru has negligible moment in both case. Also, the magnetic moment of Co swapped with Ru atoms slightly increases. Co-Ru swap defected structures almost maintain the same total magnetic moment as the ideal structure i.e. ∼ 4.0 µ B /f.u.
The DoS plots for CRVA and CRVG alloys are shown in Fig. 11 and Fig. 12 respectively, which reveal a nearly half-metallic character. The spin polarization is found to be 89 and 93 % for CRVA and CRVG respectively. In the minority spin channel, a small number of states (N ↓ = 0.20 states/eV/f.u. for CRVA and 0.13 sates/eV/f.u. for CRVG) are present at E F , which is responsible for a slightly lower spin polarization as compared to the ideal half-metal. The magnetic moment is close to the expected value as per Slater-Pauling rule. To have a one-to-one comparison, the experimental lattice parameters, theoretical, simulated and experimental magnetic moments and simulated spin polarizations are tabulated in Table V . It is seen that the experimentally observed moment for CRVA is quite different from the calculated value. To understand the reason behind such difference, we have performed swap disorder and anti-site disorder calculations for CRVA, details of which are provided in the supplementary material. [36] The presence of such disorder is justified in CRVA because of the B2-type disorder as predicted from XRD data. As in the case of CoRuMnGe, the swap disorder does not alter the net magnetic moment for CRVA as well and the total moment still remains close to 1.0 µ B /f.u.. The total magnetic moment, however, are extremely sensitive to the anti-site disorder (antisite between Co & Ru and V & Al). Interestingly, due to the change in the local environment in this case, the local atomic moments change drastically; sometimes even get quenched and/or antiferromagnetically aligned as compared to the completely ordered case. The latter is attributed to the itinerant character of magnetism in Co, Ru, and V-containing Heusler alloys, and to the frustration of antiferromagnetic exchange interactions, possibly accompanied by a tetragonal distortion. In fact, the exchange interaction in this case is reasonably long ranged, affecting the moment of atoms sitting far from the defected sites. Table S2 of the supplement file shows the simulated results for a 2 × 2 × 2 supercell which reduces the net cell moment up to 0.57 µ B /f.u., when antisite disorder between both (Co & Ru) and (V & Al) pairs are considered. Similar behavior has been reported in other Heusler alloys, where swap/anti-site disorder causes a decrease in moment. [37] [38] [39] When comparing CoRuVGa and CoRuVAl, the electronegativity value of Al (1.61) is similar to that of V(1.63). Due to this, there is a high probability of Al atom to occupy one of the octahedral sites (1/2, 1/2, 1/2) i.e. the disorder between V and Al is much more probable to occur due to their similar electronegativity values. This, however, is not the case for Ga (1.81) and V(1.63) in CoRuVGa. This is probably the reason for a stronger swap/antisite disorder in CRVA as compared to CRVG and hence a larger reduction in the moment in the former as compared to later.
V. CONCLUSION
In conclusion, we have performed a detailed experimental and theoretical study on the structural, magnetic, transport and electronic properties of CoRu-based quaternary Heusler alloys CoRuMnGe, CoRuVAl and CoRuVGa. All the three alloy were found to crystallize in cubic structure. In the case of CRMG, the XRD analysis reveals that the tetrahedral sites (Co and Ru) are equally probable, due to which its crystal symmetry is reduced to L2 1 . On the other hand, for the other two alloys CRVA and CRVG, the absence of (111) superlattice reflection gives the indication of B2-type disorder. For CRMG and CRVG, the experimental magnetic moment values are in good agreement with the theory as well as Slater-Pauling rule and for CRVA, a relatively large deviation is found. The reduction in the magnetic moment in case of CoRuVAl possibly arises due to the anti-site disorder between Co & Ru sites and V & Al sites. The resistivity measurements indirectly support the half-metallic behavior in CRMG alloy. The highest T C of 560 K was found for CRMG alloy. CRVA was found to be metallic in the ferromagnetic as well as paramagnetic state. A strong dependence of magnetic and electronic structure is seen in the temperature dependence of resistivity for CRVG which shows a maximum and a region of negative TCR value in the ferromagnetic region. The ab intio calculations predict the nearly half-metallic ferromagnetic state with high spin polarization in all these alloys. Thus, nearly half-metallic character, high T C and high spin polarization makes CoRuMnGe alloy promising for room temperature spintronic applications. 
